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We report the experimental realisation of a versatile ring trap for ultracold atoms. The ring 
geometry is created by the time-averaged adiabatic potential resulting from the application of an 
oscillating magnetic bias field to a rf dressed quadrupole trap. Lifetimes for a Bose-Einstein con- 
densate in the ring exceed lis and the ring radius was continuously varied from 50 /im to 262 /xm. 
An efficient method of loading the ring from a conventional TOP trap is presented together with 
a rotation scheme which introduces angular momentum into the system. The ring presents an op- 
portunity to study the superfluid properties of a condensate in a multiply connected geometry and 
also has applications for matter-wave interferometry. 
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I. INTRODUCTION 



The development of increasingly sophisticated trap- 
ping potentials for ultracold atoms has catalysed research 
in the field of quantum degenerate gases. Optical lattices 
PQ, double well potentials [2] and systems of reduced di- 
mensionality [3] are examples where new physics has been 
elucidated by putting cold atoms into new types of po- 
tential landscapes. The geometry of ring-shaped traps 
gives rise to multiply connected systems with behaviour 
not found in other types of trap. 

For a ring trap there are two regimes that can be dis- 
tinguished. In the first regime the quantum coherence 
extends all around the ring. Under these conditions the 
superfluid nature of an interacting dilute ultracold quan- 
tum gas is manifested, e.g. persistent flow. The angular 
momentum of a superfluid confined in annular geometry 
dissipates only if the rotational velocity exceeds a criti- 
cal value [H [5] . Below the critical velocity the mass flow 
is dissipationless in analogy to electrical current in su- 
perconductors. Such a persistent flow was observed with 
ultracold atoms in an optically plugged magnetic trap 
[6]. Recently an all optical ring trap experiment demon- 
strated that superflow around a ring is suppressed by a 
barrier where the local flow velocity exceeds the critical 
value [7 . This may lead to an analogue of the super- 
conducting quantum interference device (SQUID) using 
a Bose-Einstein condensate (BEC). 

The second regime employs the ring trap as a wave 
guide for matter-wave interferometry. In combination 
with coherent beam-splitting, a circular waveguide forms 
a Sagnac interferometer [8] and acts as an inertial sens- 
ing device. Several experiments have been designed with 
this goal in mind [9HTT], and further schemes have been 
proposed [T2HT4] . 

The two regimes can be loosely distinguished by the 
constraints placed on the chemical potential for a BEC 
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FIG. 1. Absorption image of atoms confined in the TAAP ring 
trap. In (a) the cloud of atoms has a radius of 262 /xm and in 
(b) the radius is 71 /xm. This change is achieved by increasing 
the gradient of the quadrupole field from (a) 65.3 G/cm to (b) 
277.1 G/cm. In both cases cj r/ = 2tt x 1.4 MHz, B rf = 0.8 G 
and £J = 0.9G. 



in 3D ring trap [T2] : 



ii 3D = huj\ — — . (l) 

V TT^O 

Here Co = ^uj z uj r is the geometric mean of the axial (uo z ) 
and radial (uo r ) trapping frequency, a s the s-wave scatter- 
ing length, N the atoms number and tq the ring radius. 
For the first regime, \i must be large compared to the 
potential inhomogeneities around the ring, enabling the 
BEC to spread around the full ring circumference. In the 
second regime the condensate is localised by a variation 
in the potential around the ring. 

The ring trap described here aspires to both regimes. 
It is based on the proposal for a time-averaged adiabatic 
potential (TAAP) ring trap [T5] . In this particular ex- 
periment a rf dressed quadrupole trap is time-averaged 
along its symmetry axis which results in a ring-shaped 
trap geometry (see figure [T]) with a range of radii suit- 
able for exploring both of the above regimes. 

In previous work a rf dressed potential was combined 
with two blue frequency detuned light sheets to create 
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a ring potential [T6] . This arrangement was susceptible 
to thermally induced drifts in the position of the opti- 
cal potential in which atoms had only moderate lifetimes 
(r ~ 1 s) . The new experimental design depends only on 
magnetic potentials which do not require repeated align- 
ment. Increased power in the rf fields has resulted in life- 
times > lis, whilst a custom designed frequency source 
has led to improved dynamical control over the rf polar- 
isation allowing the trap to be tilted and rotated. 

This article is organized as follows: in section [TT] the 
theory of the time-averaged adiabatic potential is dis- 
cussed and the formation of the ring is explained. Sec- 



tion [HI] outlines the experimental sequence and details 
the ring trap characterisation results and their compar- 
ison with numerical simulations. Section [IV] describes 
the rotation scheme that has been implemented in the 
ring potential and some preliminary results. The article 
concludes with an outlook in section [Vl 



II. THEORY 

The magnetostatic potential experienced by an atom 
in an inhomogeneous magnetic field is modified by the 
application of strong rf radiation, in the regions where 
the radiation drives transitions between internal states 
of the atom. Zeeman sublevels of the atomic hyperfine 
ground state are magnetically coupled together via an 
external field oscillating at a frequency uj r f comparable to 
the local Larmor frequency ojo(t) = |g F /i#B(r)/ft| where 
B(r) is the local static field, g F the Lande g-factor and 
fiB the Bohr magneton. 

Following the dressed atom picture [[17 the eigenstates 
of the global (atom + field mode + interaction) Hamil- 
tonian, known as dressed states, consist of spatially de- 
pendent superpositions of the bare atomic energy levels. 
In the limit of strong coupling the dressed states form an 
adiabatic potential (AP) described by, 



U A p(v) 



m F h^/5 2 (r) + n 2 R (r) 



(2) 



where 5(r) = uu r f — uoq(y) is the angular frequency detun- 
ing and f2fl(r) is the Rabi coupling frequency between 
the bare states. At S(r) = the resonance condition 
|g F /ieB(r)//i| = uo r f is satisfied. Neglecting the coupling 
term n^(r) 5 it is apparent that the locus of minimum en- 
ergy lies on an isosurface of constant |B(r)| defined by 
the resonance condition. 
The Rabi frequency term 



n*(r) 



g F /j, B B(r) 



2H |B(r) 



x B 



rf 



(3) 



has a vectorial nature that derives from the requirement 
that transitions between neighbouring mp states are only 
driven by a field oscillating perpendicular to the orienta- 
tion of the magnetic dipole. In a spatially inhomogeneous 
magnetic field, VLr takes a maximum value when the rf 




FIG. 2. The isosurface of constant |B(r)| for a rf dressed 
quadrupole on which the atoms are trapped. The atoms' po- 
sition around the ellipsoid is determined by the balance be- 
tween gravity and the variation of the Rabi frequency Qr(t). 
A cross section of the potential (with gravity included) in the 
x = plane for circularly polarised rf is projected on the left 
side of the figure. For this polarisation Qr(t) varies smoothly 
from zero at A to its maximum value at B where the ellipse 
is the projection of the isosurface. 



polarisation vector is perpendicular to the local magnetic 
field vector, and correspondingly a zero value where these 
fields are collinear. 

Strong coupling between bare states induces an 
avoided crossing between the dressed levels that changes 
the shape of the potential in the region where S(r) — >• 
and also limits the rate at which trapped atoms make 
diabatic transitions between dressed states; such Lan- 
dau Zener (LZ) transitions to untrapped dressed states 
result in atoms being rapidly ejected from the system. 
Thus atoms that venture into regions in a potential where 
^r( t ) ~- ^ have vanishingly short lifetimes. 

The data presented in this article was taken using a 
cylindrically symmetric quadrupole field with its sym- 
metry axis aligned with gravity 



B(r) = B' q (xe x + ye y - 2ze z ). 



(4) 



For this field, the isosurfaces where the resonance con- 
dition is satisfied are oblate spheroids centred at the ori- 
gin (x = y = z = 0) where |B(r)| = 0. The AP thus 
takes on an ellipsoidal shell-like geometry as depicted in 
figure [2j 

To determine the contribution to the potential land- 
scape of the coupling term CIr(t) it is necessary to know 
for a given polarisation, the magnitude of the component 
of dressing radiation perpendicular to the static field at 
all positions around the resonant ellipsoid. Analytical 
solutions for a static quadrupole field and arbitrary rf 
polarisation are presented in [16 . The ring traps pre- 
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FIG. 3. The ring trap loading scheme. The bold line shows the locus of the centre of the quadrupole field. Cross sections of 
the potential the plane x = are projected at the rear of each plot, (a) A conventional TOP trap. Switching on the rf does 
not significantly modify the potential experienced by the atoms (represented by the central darkened region) as the resonant 
ellipsoid orbits exterior to their position, (b) A double- well TAAP trap [T8] . Lowering Bt causes the resonant ellipsoid to spiral 
inwards, trapping the atoms at the two positions where it intersects with the rotation axis. Note due to gravity, in this case 
only the lower well is loaded, (c) The shell trap. In the absence of a time-averaging field, the atoms are trapped on the resonant 
ellipsoid, their final position being determined by the balance between gravity and the variation in Q#(r). (d) The ring trap. 
Ramping on time- averages the shell potential along its (vertical) symmetry axis. Atoms congregate at the equator of the 
ellipse (or just below because of gravity). 



sented in this article were mainly formed using circularly 
polarised dressing fields of the form, 

B rf (t) = B x rf [cos (u r ft)e x ] + B y rf [sin (w r /t)e y ], (5) 

where B^f = B v r o = B r f which results in maximal cou- 
pling at the South pole of the ellipsoid. As represented in 
figure [2] the coupling strength decreases smoothly around 
the ellipsoid, reaching zero at the North pole. 

Time- averaging of trapping potentials is a versatile 
technique that has been successfully employed in the elec- 
tric, optical and magnetic regimes [T9H2T] . The process 
exploits the different timescales that govern an atom's 
ability to change its motional state, limited by the trap- 
ping frequency uo ri and its internal state, closely related 
to the Larmor frequency c^o- The introduction of an os- 
cillatory magnetic bias field of the form, 

B^(t) = £?x[cos (ujTt)e x + sin (uJTt)e y ] (6) 

with a frequency ujt that lies in the interval uo r < ujt < 
ujo will result in a trapped atom experiencing a modified 
potential while preserving its initial mp state. 

The realisation of a TAAP trap, created by the appli- 
cation of a time-averaging field to an AP has diversified 
the trap geometries available. The inherent flexibility of 
the processes of time-averaging and rf dressing combine 
to afford access to a broad palette of trap shapes, each of 
which can be adiabatically loaded and dynamically ad- 
justed to suit experimental requirements [T5] . 

The ring trap described here is a TAAP that results 
from the application of an axial time-averaging field to 
a dressed quadrupole trap. When the elliptical geome- 
try of the shell trap is time-averaged along its symmetry 
(z) axis, the radial curvature of the resulting potential 
decreases as the amplitude of the time- averaging field 
grows. This process continues until zero curvature exists 
at the initial position of the atoms. A further increase 



in the amplitude of the axial time- averaging field results 
in a negative curvature at this position (the bottom of 
the ellipsoid) and an annular minimum develops giving a 
ring trap. 

III. IMPLEMENTATION AND RESULTS 

A detailed discussion of the TAAP loading scheme is 
presented in [18] . Briefly, a typical experimental sequence 
begins with 5 x 10 6 atoms of 87 Rb at 1 /iK confined in the 
\F = 1, nrtF = — 1) hyperfine state, in an axially symmet- 
ric TOP trap (uj t = 2tt x 7 kHz) where B T = 3.2 G and 
B' q = 84G/cm. A rf dressing field (as in equation ^ 
with uo r f = 2ir x 1.4 MHz and B r f = 0.8 G is switched on 
(see figure 3a). The amplitude of the rotating bias field 
Bt is ramped down over 100 ms to a value of 1 G during 
which time the resonant ellipsoid impinges on the po- 
sition of the atoms and the vertically offset double-well 
TAAP trap is loaded (see figure 3b). In this potential 
evaporative cooling for a period of 3 s produces a BEC of 
up to 4 x 10 5 atoms with no discernible thermal compo- 
nent. The rotating bias field is subsequently ramped to 
zero over 400 ms and the condensate is loaded into the 
anisotropic shell trap (figure 3c) with oscillation frequen- 
cies uj r = 27rxlOHz, uj z = 27rxl22Hz. The introduction 
over a period of 1 s of an axially directed oscillating bias 
field By(t) = B T cos (ujTt)e z where B T > 0.4 G changes 
the shape of the potential minimum into a ring. Provided 
these manipulations are performed sufficiently slowly to 
be almost adiabatic, only a small amount of heating oc- 
curs and a BEC with a small thermal fraction is loaded 
into the ring TAAP. 

The ring radius vq is determined by B' q and u r f which 
combine through the resonance condition to dictate the 
length of semimajor axis of the resonant ellipsoid r e , i.e. 

r e = hhJrf/ \g F n B B' q \ . (7) 
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FIG. 4. Variation of ring radius r with B' q , for B r/ = 0.8 G FI z G - 5 - Rin S tra P frequency measurements as a function of 



and By? = 0.9 G. The dashed line represents the theoretical 
value for semi-major axis of the resonant ellipsoid r e using 
UJrf 1.4 MHz. 



B Z T with B' q = 83.5 G/cm and B rf = 0.8 G. The dashed and 
dot-dashed lines represent numerical results plotted for the 
same experimental parameters. 



In this experiment the dressing frequency is held constant 
(at uj r f = 1.4 MHz) in order to circumvent practical prob- 
lems relating to atom heating during rf ramps [22 j. De- 
spite this condition, as depicted in figure |4j ro can be con- 
tinuously varied by adjusting the value of the quadrupole 
gradient, with the upper limit set by the minimum value 
of B' q required to support the atoms against gravity. Op- 
erating the magnetic trap at the maximum value for 
B' q = 410 G/cm gives a lower limit for ro of 50 /am. There 
is a weak dependence of ro with Bj,, however it is typi- 
cally on the order of a few percent across the full range 
of oscillatory field amplitudes 0.4 G < B Z T < 1.6 G. The 
principal result of changing the magnitude of the time- 
averaging field is to adjust the trap frequencies. 

The axial and radial ring trap frequencies were mea- 
sured against B^ by fitting to dipole mode oscillations 
in the trapped cloud. Axially oscillations were excited 
by rapidly displacing the position of the potential mini- 
mum using a magnetic bias field. Radially the height of 
the centrally repulsive region was reduced for a period 
of 5 ms causing the ring radius to oscillate harmonically. 
The values depicted in figure [5] compare favourably with 
numerical simulations and demonstrate how the aspect 
ratio in the ring can be adjusted. Further results of the 
numerical analysis suggest that both uj r and uj z scale lin- 
early with B' q implying a factor of 9 increase in trap fre- 
quencies is readily attainable with the current apparatus. 

Lifetimes above lis are observed in the ring trap when 
operating at ro > 200 /im. Smaller rings that offer tighter 
confinement suffer from shorter lifetimes due to increased 
LZ losses. The reasons for this are twofold. Firstly the 
smaller rings allow the atom cloud to sample a larger 
fraction of the resonant ellipsoid, including those regions 
where f^fr) ~ 0. Secondly, increased trap frequencies 
result in the atoms traversing the avoided crossing with a 
higher relative velocity. Both factors combine to increase 
the probability of a diabatic transition. The lifetime for 
the smallest value of ro = 50 jam is < 500 ms. It is an- 



ticipated that by increasing rf power beyond that which 
is available in the current apparatus, the lifetime in this 
regime will be improved. 




c) d) 



FIG. 6. Images of a BEC in a tilted ring trap. The direction 
of the tilt is controlled by the relative phase A z of the axial 
dressing radiation B*f. Here (a) A z =0°, (b) A z = 90°, (c) 
A z = 180° and (d) A z = 270°. A gravitational tilt in the ring 
trap prevents the atoms from responding linearly to changes 
in the rf polarisation. It is apparent that the adjustment is 
sufficient to offset the intrinsic tilt caused by imperfect align- 
ment of the coils with respect to the vertical axis defined by 
gravity. 

Misalignments of the quadrupole field symmetry axis 
with gravity resulting from the construction and posi- 
tioning of the magnetic coils led to the first ring traps 
being tilted by approximately 2°. By exploiting the vec- 
torial nature of fi^(r) the balancing of the ring in the 
radial plane has been significantly improved such that 
a cloud at ~ 85 nK spreads fully around a ring of ra- 
dius ro = 238 jam. The addition of an axially directed 
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b) 



FIG. 7. Above: Contour plot of the rotation scheme in the 
z — plane. Circular symmetry around the ring is broken by 
transforming to elliptically polarised rf. Rotating the defor- 
mations acts to spin up the cloud. Below: Evidence for rota- 
tion, a) In the absence of rotation, when is ramped to zero 
the atoms return to the rf dressed shell potential where they 
are approximately uniformly distributed around the lower half 
of the ellipsoid (for the parameters listed below) . b) For a ro- 
tating cloud (potential rotated at 25 Hz for 800 ms), the ring 
shape persists after the removal of the time- averaging field, 
because the atoms' angular momentum holds them at the 
equatorial regions of the ellipsoid. Both images are of a ther- 
mal cloud in a trap where B' q — 71 G/cm and B r f = 0.8 G. 



dressing field B^(t) = B*f cos (u r ft + A z )e z tilts the rf 
polarisation vector. The tilting angle is determined by 
the magnitude of j whilst the relative phase A z spec- 
ifies the direction of the tilt (see figure [6| . Tilting the 
polarisation vector shifts the position of maximum cou- 
pling away from the South pole of the ellipsoid, allowing 
it to be used to compensate for inhomogeneities around 
the ring. 

IV. ROTATION 

In order to study the dynamics of superflow in di- 
lute atomic vapour BEC's trapped in ring potentials it 



is necessary to controllably introduce rotation into the 
system. In this experiment, as shown in figure [7| a ro- 
tation scheme that utilises the vectorial nature of the 
coupling term ^(r) has successfully been employed to 
rotate atoms in the ring trap. By relative adjustment of 
the dressing field amplitudes (such that B%f ^ B^f) ^ ne 
circularly symmetric coupling term takes on an elliptical 
form, introducing a spatially periodic variation around 
the ring. If the axis of this asymmetry is rotated, the 
atoms follow the variations in the potential and begin to 
orbit in the radial plane. To observe the dynamics of a 

rotating cloud, the circular symmetry of the potential is 
restored. Both processes of deformation and rotation are 
facilitated via a custom designed direct digital synthe- 
sis (DDS) frequency source, that employs user specified 
ramps to update the amplitude and phase of the dressing 
rf at sub- millisecond intervals. 



V. CONCLUSION AND OUTLOOK 

In conclusion, the realisation of a versatile ring trap 
for ultracold atoms with dynamically adjustable radius 
has been presented. The ring is an example of a TAAP 
that forms via the combination of the processes of time- 
averaging and rf dressing of an axisymmetric quadrupole 
trap. A convenient loading scheme from a TOP trap is 
used to load a BEC into the ring trap. A method for tilt- 
ing to correct for imbalances of the potential around the 
ring, and a rotation scheme for imparting angular mo- 
mentum on the trapped atoms have been demonstrated. 
When operated as a circular waveguide the potential for 
matter-wave interferometry in this trap is enhanced by 
the effective magnetic insensitivity of the atoms (because 
they are trapped in a superposition of mp states that 
has zero net magnetic moment). In future experiments 
it will be possible to place a condensate in ring where 
ro ~ 50 /im and uo r = uj z ~ 2ir x 500 Hz such that the 
quantum coherence extends around the ring, allowing a 
study on the nature of superfluidity; this is particularly 
interesting in lower dimensional systems that can be cre- 
ated by working with smaller numbers of atoms. 

This work has been supported by the Engineering 
and Physical Sciences Research Council under Grant NO. 
EP/E010873/1. 
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